One contribution of 13 to a discussion meeting issue 'Providing sustainable catalytic solutions for a rapidly changing world'. Partial oxidation catalysts capable of efficiently operating at low temperatures may limit the over-oxidation of alkane substrates and thereby improve selectivity. This work focuses on examining alkane oxidation using completely metal-free organocatalysts, dioxiranes. The dioxiranes employed here are synthesized by oxidation of a ketone using a terminal oxidant, such as hydrogen peroxide. Our work generates the dioxirane in situ, so that the process can be catalytic with respect to the ketone. To date, we have demonstrated selective partial oxidation of adamantane using ketone catalysts resulting in yields upwards of 60% towards 1-adamantanol with greater than 99% selectivity. Furthermore, we have demonstrated that changing the electrophilic character of the ketone R groups to contain more electron-donating ligands facilitates the dioxirane ring formation and improves overall oxidation yields. 
Partial oxidation catalysts capable of efficiently operating at low temperatures may limit the over-oxidation of alkane substrates and thereby improve selectivity. This work focuses on examining alkane oxidation using completely metal-free organocatalysts, dioxiranes. The dioxiranes employed here are synthesized by oxidation of a ketone using a terminal oxidant, such as hydrogen peroxide. Our work generates the dioxirane in situ, so that the process can be catalytic with respect to the ketone.
To date, we have demonstrated selective partial oxidation of adamantane using ketone catalysts resulting in yields upwards of 60% towards 1-adamantanol with greater than 99% selectivity. Furthermore, we have demonstrated that changing the electrophilic character of the ketone R groups to contain more electron-donating ligands facilitates the dioxirane ring formation and improves overall oxidation yields. Isotopic labelling studies using H 2 18 O 2 show the preferential incorporation of an 18 O label into the parent ketone, providing evidence for a dioxirane intermediate formed in situ. The isotopic labelling studies, along with solvent effect studies, suggest the formation of peracetic acid as a reactive intermediate. This article is part of a discussion meeting issue 'Providing sustainable catalytic solutions for a rapidly changing world'.
Introduction
The conversion of natural gas resources, predominately composed of methane, to liquid fuels and chemicals would provide a useful alternative to the current synthesis gas production, which requires high operating temperatures to break the C-H bond. High-temperature reaction conditions can often lead to gas-phase radical reactions with intrinsically low selectivity and subsequently poor control of yields. However, partial oxidation catalysts capable of efficiently operating at low temperatures may limit the over-oxidation of the alkane substrate and thereby improve selectivity to partial oxidation products. Frequently, when supported transition metal catalysts are used for C-H bond activation, irreversible deactivation via metal reduction, particle sintering or coke deposition is observed. Additionally, when operating in a solution, leaching of supported metal particles is of concern or recovery of homogeneous precious metal catalysts can require costly processes. By contrast, metal-free organocatalytic methods are relatively unexplored for partial oxidation (or hydroxylation) of hydrocarbon substrates and may possess several advantages over traditional supported or unsupported transition metal-based catalysts. Therefore, we have sought to study a class of compounds known as dioxiranes for low-temperature, liquid-phase, metal-free organocatalytic alkane oxyfunctionalization with improved selectivity over existing materials.
A dioxirane is a heterocyclic functional group consisting of one carbon and two oxygen atoms, and it is the smallest cyclic organic peroxide. The three-membered cyclic peroxides contain a weak oxygen-oxygen bond and are highly reactive; as a result, they are frequently used as electrophilic O-transfer reagents. Because they are not indefinitely stable at room temperature, dioxiranes are typically not isolated and are stored in dilute solutions under sub-ambient conditions. In most cases, the dioxirane functional group is synthesized using potassium peroxymonosulfate (usually provided as a triple salt, commonly referred to by trade names Oxone ® or Caroat ® ) as a terminal oxidant and a ketone (or another carbonyl-containing compound) as a parent precursor. The most common dioxirane is dimethyldioxirane, which is derived from acetone. Other common dioxirane precursors include fluorous substitutions onto ketones, such as 1,1,1-trifluoroacetone, or arylcontaining ketones, such as 2,2,2-trifluoroacetophenone.
Most dioxiranes are typically employed in alkene epoxidation, including the relatively wellknown Shi epoxidation, the mechanism of which is shown in figure 1 [1 peroxymonosulfate, to the catalyst (step 1). Under basic conditions, the hydroxyl group is deprotonated, leaving a nucleophilic oxygen anion (step 2), followed by the elimination of the sulfate group, which enables the ring closure to form the dioxirane intermediate (step 3). Finally, the dioxirane completes the oxygen transfer to the alkene, leading to the epoxide (step 4). In this manner, a turnover is defined as the transformation from the ketone and terminal oxidant to a dioxirane that oxidizes the alkene and regenerates the ketone. Optionally, chiral ketones can be used for enantioselective epoxidation of asymmetric alkenes. Although dioxiranes are much more extensively used in alkene epoxidation, there is some precedent in their ability to activate C-H bonds in a highly stereoselective concerted manner [6] [7] [8] [9] .
Given the aforementioned challenges in selective alkane partial oxidation, here we report on the application of dioxiranes as in situ oxidants in low-temperature, liquid-phase adamantane oxidation. Our research aims to explore the potential of in situ generated dioxiranes as selective oxidants for alkane substrates, to study the organocatalytic ketone-catalysed reaction mechanism involving dioxiranes and to determine the potential feasibility of dioxiranes as oxidants for other alkanes of interest beyond adamantane. It should be noted that dioxirane-mediated functionalization of methane has been reported in limited computational studies and in one example of the experimental work [10] .
Our work aims to generate dioxirane in situ such that the process is catalytic with respect to the ketone using hydrogen peroxide as the stoichiometric oxidant (figure 2). Our results, thus far, in selective partial oxidation of adamantane using 1,1,1-trifluoroacetone or 2,2,2-trifluoroacetophenone have shown yields as high as 60% towards 1-adamantanol with greater than 99% selectivity under all conditions. Furthermore, we have demonstrated that changing the electrophilic character of the ketone R groups to contain more electron-donating ligands facilitates the dioxirane ring formation and improves overall oxidation yields. Isotopic labelling studies using H 2 18 O 2 show the preferential incorporation of an 18 O label into the parent ketone, suggesting that a dioxirane intermediate is formed in situ. The isotopic labelling studies, along with solvent effect studies, also suggest that a peracetic acid is formed as a reactive intermediate. Ongoing works involve addressing challenges in extending this ketone-catalysed partial oxidation to other alkanes of interest.
Experimental (a) Kinetic experiments
In a typical reaction, 68.1 mg of the substrate, adamantane, was added directly into a 2 ml glass reaction vial followed by the addition of a 1.0 ml solvent mixture of 1,2-dichloroethane and acetic acid at a 1 : 1 molar ratio (0.58 and 0.42 ml, respectively were added. In control vials, the ketone was excluded from the reaction mixture. The molar ratio of ketone to oxidant to substrate was 1 : 10 : 5. In some cases, alternative oxidants, such as urea hydrogen peroxide or peracetic acid, were used; in those experiments, the molar ratio of peroxide to ketone was 10 : 1. Urea hydrogen peroxide was supplied as urea and hydrogen peroxide at a molar ratio of 1 : 1, and, when it was used, the associated molar equivalent of urea was necessarily added along with the hydrogen peroxide. When peracetic acid was used as the terminal oxidant, supplied as 32% in acetic acid, the concomitant acetic acid was used as a solvent. In cases where additional solvents were used, such as ethyl acetate or hexafluoroisopropanol, the total solvent volume was maintained at 1 ml. All reagents were acquired from Sigma-Aldrich at greater than 99.0% purity and used as received. The vial was then sealed and placed into a well plate on a GlasCol-heated vortexer that agitated the vial at 800 r.p.m. while heating to reaction temperature, typically 70°C, for the duration of the reaction. Unless otherwise stated, reaction times were 15 h. After the reaction, the vial was removed from heating and the contents poured into a 20 ml sample resuspension vial. Acetone (1.0 ml) was injected into the reaction vial to solubilize any remaining components and the contents of the reaction vial were again added into the sample resuspension vial. Additional acetone (2.0 ml) was added into the sample resuspension vial for an aggregate of 3.0 ml of acetone used for resuspension and 4.0 ml total in the resuspension vial. Dodecane (250 µl) was added as the internal standard for the gas chromatography (GC) analysis. The contents of the sample resuspension vial were shaken by hand until all the precipitate was gone, and an aliquot was taken for GC analysis. The GC analysis procedure is provided in the electronic supplementary material. Mass balances were calculated in the following manner: [(mol of unreacted adamantane + mol of generated 1-adamantanol)/(initial mol of adamantane)]. Unless otherwise stated, mass balances are ≥85%.
(b) Isotopic labelling experiment
The reaction vials for the isotopic labelling study were prepared in the same manner as described previously, except for two notable differences. First, only 0.50 ml of solvent was used at a 1 : 1 molar ratio of 1,2-dichloroethane in acetic acid; and 0.29 and 0.21 ml were used. Second, 3 wt% of aqueous hydrogen peroxide was used instead of 30 wt%. The peroxide contained greater than 99% double-label incorporation, H 2 18 O 2 . The attendant water in the aqueous mixture was not isotopically labelled (confirmed by gas chromatography-mass spectrometry (GC-MS)). Isotopically labelled peroxide was provided by Icon Isotopes at 99.99% purity. Two comparison experiments were done: one comparison experiment had no isotopically labelled species (control) and the other had a molar equivalent of labelled water (H 2 18 O) to unlabelled hydrogen peroxide (labelled water was 97 atom% 18 O; acquired from Sigma-Aldrich). Additional details on reactant and isotope concentrations are provided in the electronic supplementary material. After the reaction, GC-MS analysis was used to generate the mass fragmentation patterns after chromatographic separation, and these patterns were analysed to determine where incorporation of the labelled oxygen occurred.
(c) Iodometric titration
According to Gao et al. [11] , titrant was prepared by dissolving 3.1013 g of sodium thiosulfate in 250 ml of distilled water, and the solution was used to fill the burette to the first mark. Sodium iodide indicator solution was prepared by dissolving 7.0 g of sodium iodide in 35.0 ml of isopropanol. The solution was refluxed at 90°C while stirring at 200 r.p.m. until the sodium iodide was completely dissolved (an air-cooled reflux condenser was left on top of the flask until the sample was ready for titration). To prepare the analyte mixture, 0.50 ml acetic acid, 12.5 ml isopropanol, 5.0 ml NaI solution and 2.0 ml solution from the resuspension vial were added to a round bottom flask. The mixture turned dark yellow, orange or red when the sodium iodide came into contact with the peroxide solution. until it began to boil, at which point the solution was left stirring for an additional 30 s. The analyte solution was removed from the heat and 50 ml of distilled water was added to the mixture. The analyte solution was titrated using sodium thiosulfate solution until all the colours disappeared.
The following equation was used to relate titrant volume and normality to the molarity of the peroxide in the analyte solution:
(d) Nuclear magnetic resonance
Nuclear magnetic resonance (NMR) was conducted using a Bruker Spectrospin UltraShield Avance III 400 MHz spectrometer, equipped with a 5 mm BBFO probe. During acquisition, a spin rate of 20 Hz was used and 16 1 H scans were averaged. When preparing samples for analysis, 100 µl of analyte was added to 600 µl of D 2 O or CDCl 3 . Fifty milligrams of 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt was added as an internal standard and the spectra were normalized by setting the peak to 0.0 ppm.
Results
Hydrogen peroxide was successfully applied as a terminal oxidant in the ketone-catalysed dioxirane-mediated oxidation of adamantane. To the best of our knowledge, only very limited reports have demonstrated the use of hydrogen peroxide as the terminal oxidant in dioxirane formation [12, 13] . More widely used as the terminal oxidant is potassium peroxymonosulfate, commonly known as Oxone ® . We found potassium peroxymonosulfate to be unsuitable as the terminal oxidant in non-aqueous media because of its poor solubility for alkane substrates, leading us to observe no reaction with the use of potassium peroxymonosulfate as the terminal oxidant. Alternatively, in non-aqueous solvents, the use of hydrogen peroxide as the oxidant, supplied either aqueous (30 wt%) or in an adduct with urea, gave increasing yields of 1-adamantanol with increasing temperature (figure 3). In these reactions, the substrate was supplied at five equivalents to the ketone, such that the reaction was catalytic with respect to the ketone at conversions above 20%. The terminal oxidant was supplied at 10 equivalents to the ketone so as not to be the initial limiting reagent. In all cases, unless mentioned otherwise, the only detectable product was 1-adamantanol, indicating the strong selectivity towards the tertiary carbon, which also contains the lowest C-H bond dissociation energy on the adamantane molecule. Control experiments were carried out by excluding the ketone from the reaction mixture. As seen in figure 3 , in the absence of ketone, diminished, but detectable, 1-adamantanol yields were observed, suggesting that the ketone-catalysed route occurs in addition to direct oxidation of adamantane by peroxy species. The increased yields were observed when the ketone was included; this is attributed to the dioxirane-mediated reaction.
(a) Nature of ketone Two ketone catalysts were employed in this study: 1,1,1-trifluoroacetone and 2,2,2-trifluoroacetophenone [12] . The use of acetone as a dioxirane precursor was deliberately excluded from the study to avoid the potential to make acetone peroxide cyclic dimer and trimer species in situ, both of which are known to be extremely shock sensitive and highly explosive. By changing the nature of the ketone and holding all other variables constant, yields were higher with the 2,2,2-trifluoroacetophenone (table 1) . This was found to occur over multiple solvent mixtures. It is hypothesized that the stronger electron withdrawing R groups on the 2,2,2-trifluoroacetophenone leave the carbonyl carbon more electrophilic, making it more favourable to dioxirane ring formation. In agreement with this hypothesis, we would expect additional aryl substitutions on 2,2,2-trifluoroacetophenone, including electron withdrawing groups such as fluorous species, to provide further improvements in activity [12] . We would also expect a first-order dependency on ketone concentration, indicating that the reaction is catalytic with respect to ketone.
(b) Requirement of acetic acid
On the basis of multiple reports, our study also worked to understand the significant effects the solvent can contribute to the rate of dioxirane oxidations; mixtures of 1,2-dichloroethane, acetic acid, ethyl acetate and hexafluoroisopropanol were considered [12, 14, 15] . When reactions were conducted in neat solvents, yields were observed only when acetic acid was present. There was some co-solvent promotion when acetic acid was used with 1,2-dichloroethane, but the additions of ethyl acetate and/or hexafluoroisopropanol to the mixture were not advantageous. Interestingly, in all cases where acetic acid was removed from the solvent mixture, reaction yields were severely diminished; these results are summarized in figure 4 . This strong dependency of acetic acid in the solvent mixture suggested that the compound may be participating in the reaction cycle, and not simply acting as a spectator solvent. 1 H NMR was used to investigate the acetic acid structure in the presence of hydrogen peroxide (figure 5). When mixtures of acetic acid and aqueous hydrogen peroxide were held at 70°C (reaction temperature), a new resonance feature appeared in the aliphatic region, immediately downfield of the methyl peak. This feature, by comparison with a known standard, can be assigned to the methyl fragment in peracetic acid, and it is not present in the mixtures of acetic acid and hydrogen peroxide held only at room temperature. These 1 H NMR results suggest that peracetic acid is generated in situ from the peroxide and acetic acid. There are reports that peroxycarboxylic acids have the strongest oxidizing power of any organic peroxide and that oxidation potential decreases in the following order: peroxycarboxylic acids > hydroperoxides > diacyl peroxides > peroxycarboxylic esters [16] . The dependency on acetic acid as a solvent would then suggest that peracetic acid may be a required intermediate in the formation of the dioxirane in situ. Supporting this hypothesis is the observation that, when peracetic acid is used as the terminal oxidant, we observe significantly higher 1-adamantanol yields (table 2) ; these results along with the effects of oxidant type will be discussed in more detail later. 
(c) Reaction dependency on solvent and terminal oxidant
On investigating the effects of solvent mixtures when four solvents were used together, no reaction was observed (figure 4). This was unexpected as the solvent mixture contained acetic acid and, when only three solvents were used (excluding ethyl acetate or hexafluoroisopropanol), yields were measurable. The ratio of the third and fourth solvent was set to vary from ethyl acetate rich and hexafluoroisopropanol lean to ethyl acetate lean and hexafluoroisopropanol rich. In all cases, there was no measurable reaction progress (table 2, entries 1-5). The experiments with four solvents were repeated with urea hydrogen peroxide as the oxidant instead of the aqueous form or as peracetic acid (table 2, entries 6-15). Oxidation to 1-adamantanol was observed in all cases when using urea hydrogen peroxide, suggesting a limitation when using the aqueous form of the peroxide. Urea hydrogen peroxide has previously been reported as an effective terminal oxidant in alkene epoxidation; however, there are limited reports of its use in alkane oxidation [17] [18] [19] [20] [21] . In this study, no consumption of urea was measured nor any products derived from urea were detected. The concomitant water was hypothesized to be the source of inactivity when using aqueous hydrogen peroxide as the oxidant, potentially causing the ketone catalyst to become a hydrated gem-diol (figure 6); this is discussed in more detail in the electronic supplementary material [22] . To understand the effect of the water supplied with the aqueous peroxide, the required amount of water was added to urea hydrogen peroxide prior to the reaction. The 1-adamantanol yields in urea hydrogen peroxide with water addition showed no difference when compared with those in urea hydrogen peroxide without water addition (table 2, entries water has almost no effect on the urea hydrogen peroxide. Interestingly, when urea was added to aqueous hydrogen peroxide (1 mol urea : 1 mol H 2 O 2 ), reaction yields were measurable at all solvent concentrations (table 2, entries 21-25). These results would suggest that the addition of urea allows for the formation of an adduct with hydrogen peroxide in situ. The adduct acts to stabilize the hydrogen peroxide and limits the non-useful decomposition of peroxide to water and oxygen, thereby improving the efficiency of the hydrogen peroxide supplied as the oxidant. Reports on urea hydrogen peroxide thermal decomposition to water and oxygen appear to show a mitigation of the decomposition rate compared with reports on aqueous hydrogen peroxide [23] . As such, when simply increasing the initial concentration of aqueous hydrogen peroxide threefold (30 equivalents relative to ketone), 1-adamantanol yields are again observable (table 2, entries 26-30).
To investigate whether the aqueous hydrogen peroxide was nearly completely decomposed by the end of the reaction time, the initial peroxide concentration in the four solvent systems was varied and the final peroxide concentrations after the 15 h reaction were measured using iodometric titration. At standard concentrations (10 equivalents relative to ketone), as expected, all hydrogen peroxide was nearly completely decomposed, with only 4% of initial peroxide detectable after the 15 h reaction. Even as the initial peroxide concentration increased, in all tests greater than 95% of the peroxide had decomposed by the end of the 15 h reaction. Still, as initial peroxide concentrations are larger, the final peroxide concentration was higher, consequently leading to higher observable yields (table 3) .
The background decomposition of the peroxide in the solvent medium at room temperature and at reaction temperature was measured, and no ketone or adamantane was supplied in these experiments (table 4) . At room temperature, the decomposition of aqueous hydrogen peroxide remained below 30%, even after 150 h. However, thermal decomposition of the aqueous peroxide occurred much faster at 70°C, and at all times decomposition was greater than 95%: hydrogen peroxide is well known to be accelerated with temperature [24] . The thermal decomposition was mitigated by the use of the urea hydrogen peroxide adduct, where at 70°C only 86% had decomposed in the same amount of time as a typical reaction. The minimization of decomposition by the use of the urea adduct was reflected in the higher yields observed when it was used as the oxidant. With the knowledge that significant amounts of peroxide decompose under reaction conditions, an alternative procedure involving the slow addition of the aqueous hydrogen peroxide to the reaction solution was designed to try and improve the efficiency of peroxide in solution. As shown in figure 7 , the slow addition of aqueous hydrogen peroxide was compared with the initial addition of aqueous hydrogen peroxide. It should be noted that both reactions were supplied with the same total amount of peroxide by 32 h, and in the slow addition reaction the peroxide was added at three discrete points, not continuously. Although the slow addition of peroxide produces lower initial yields of 1-adamantanol (where the peroxide added to the slow addition vial was one-third of that in the initial addition vial), at the time of reaction completion the slow addition of peroxide resulted in a higher efficiency or utilization of the peroxide as the oxidation product. Yields with respect to time were also more constant with the slow addition experiment, whereas yields appeared to reach a maximum after 24 h during the single addition experiment. Continuous metering of peroxide may further improve the efficiency of the technique, and this alternative procedure could be used as a method for increasing substrate consumption.
(d) Isotopic labelling study figure 8 . Under these conditions, adamantane conversion is approximately 5%, giving only a partial turnover of ketone. The conversion was low due to the dilute concentration of isotopically labelled peroxide available. Even at these low yields, 1-adamantanol carried 62.0% incorporation of the isotopic label (m/z 154 compared with m/z 152). The incorporation was much lower when using unlabelled peroxide (0.7%), signifying that there is very little natural abundance of the 18 O in 1-adamantanol, and confirming that the source of oxygen is the peroxide, eliminating air supplied in the vessel headspace as a possible oxidant. There is a very similar mass fragmentation pattern between the isotopically labelled water and the unlabelled experiment, further supporting the label incorporation from hydrogen peroxide and also signifying the minimal amount of background scrambling observed. In the peroxide labelling experiment, a significant portion of 1-adamantanol did not contain isotopic oxygen; these species are assumed to contain 16 O originating from acetic acid or ketone used in the reaction. In the isotopic H 2 O 2 experiment, acetic acid contained an 18 O isotopic incorporation of only 2.5%; however, acetic acid was supplied as a solvent in excess relative to the peroxide (36.5 mol of acetic acid per mol of peroxide). If the excess acetic acid was accounted for, and only a molar equivalent of acid of relative to peroxide was considered, the acetic acid showed a 76.1% singlelabel incorporation (almost no double-label incorporation). This provided further evidence that the acetic acid passes through a peracetic acid intermediate under reaction conditions. This is significantly higher incorporation than that observed when using the isotopically labelled water in the experiment.
The ketone was the final oxygenate considered. If forming a dioxirane in situ, the ketone should carry an isotopic label in the carbonyl fragment. The ketone isotopic incorporation was 4.5%, compared with the experiment with unlabelled hydrogen peroxide, which contained a background incorporation of 1.3%, or the labelled water experiment, which contained an isotopic incorporation of 2.5%. The increase in label incorporation was significantly larger than the total amount of 18 O available in solution (approx. 2%), suggesting a preferential label incorporation and not the result of isotopic scrambling (presumably via a gem-diol transient intermediate).
Discussion (a) Proposed organocatalytic cycle
The results of the solvent studies, along with the isotopic labelling study, suggest that the hydrogen peroxide first oxidizes acetic acid to form peracetic acid. When the ketone is exposed to the peracetic acid under reaction conditions, it oxidizes to form the dioxirane. Finally, the transient dioxirane hydroxylates the adamantane to 1-adamantanol, as depicted in the reaction scheme shown in figure 9 .
Control experiments with ketone and water indicate that the equilibrium formation of a hydrated ketone, or gem-diol, is minimal under reaction conditions, suggesting that the hydrated form of the ketone is not a reactive intermediate and the hydration is not a depletion route for the ketone (more details are available in the electronic supplementary material).
Notably, there is no evidence of ester formation from the ketone, signifying that BaeyerVilliger oxidation is not occurring under these conditions. Baeyer-Villiger oxidation occurs under these conditions in the presence of peroxyacids and ketones or aldehydes, yielding esters or acids. Either the hydrogen peroxide supplied as a stoichiometric oxidant or the peracetic acid formed in situ could carry out the Baeyer-Villiger oxidation of the ketone. However, it has been reported that hydrogen peroxide requires a catalyst in order to be used as an oxidant in BaeyerVilliger oxidation; typically, homogeneous transition metal-based catalysts are employed [25] . Alternatively, we would expect that the peracetic acid could act as a Baeyer-Villiger oxidant; however, with no detection of the corresponding esters, we suspect that the reaction is not occurring under these conditions.
(b) Oxygen atom insertion step
The isotopic labelling study provided evidence that there is incorporation into the carbonyl fragment of the ketone, suggesting a dioxirane intermediate. It is hypothesized that the dioxirane proceeds to carry out the oxygen transfer to the alkane substrate via one of two methods: (i) the concerted oxenoid insertion path or (ii) hydrogen abstraction forming a diradical followed by the oxygen rebound path. Both oxygen transfer paths are depicted in figure 10 . Computational studies, including ab initio methods and density functional theory calculations, have provided some insights concerning the transition state geometry for the process; overall, these generally suggest a lower barrier for the concerted oxenoid process of direct insertion [9, 26, 27] . Other experimental works have used kinetic isotopic effects to study oxygen insertion into a tertiary C-H bond; in these studies, the retention of configuration and steroselectivity strongly suggests against a radical pathway mechanism and supports an electrophilic O-insertion [14, 28, 29] . Our results with particularly high selectivity to 1-adamantanol also counter a radical-based mechanism, but additional kinetic isotope effect studies would be required to speculate further on the transition state for the oxygen atom insertion step.
Conclusion
In summary, this organocatalytic method for partial oxidation of C-H bonds has proved highly selective in a study on adamantane partial oxidation. 1-Adamantanol yields reached as high as 60% under some conditions with nearly total selectivity in all cases. Among several oxidants investigated, urea was found to aid in the hindrance of hydrogen peroxide decomposition by forming an adduct that stabilizes the peroxy species. Hydrogen peroxide formed peracetic acid in situ, explaining the requirement for acetic acid in the reaction mixture. The peracetic acid was most effective in synthesizing the dioxirane when more electron withdrawing functional groups were placed on the ketone. Ketones could serve as effective catalysts for activation of C-H bonds and provide several advantages over traditional transition metal-based catalysts. Current work is focused on increasing the turnover frequency achieved by the ketone catalyst and expanding the substrate scope to include other alkanes of interest, such as methane, and additional work on designing efficient methods for the selective oxyfunctionalization of unactivated carbon-hydrogen bonds. Competing interests. We declare we have no competing interests. Funding. We received no funding for this study.
